ABSTRACT The structure of the metalloenzyme carboxypeptidase A (peptid l-L-amino-acid hydrolase, EC 3.4.17.1) has been refined at 1.75 Aby a restrained least-squares procedure to a conventional crystallographic R factor of 0.162. Significant results of the refined structure relative to the catalytic mechanism are described. In the native enzyme, the zinc.coordination number is five (two imidazole N81 nitrogens, the two carboxylate oxygens of glutamate-72, and a water molecule). In the complex (at 2.0-A resolution) ofcarboxypeptidase A with the dipeptide glycyl-L-tyrosine, however, the water ligand is replaced by both the carbonyl oxygen and the amino nitrogen of the dipeptide. The amino nitrogen also statistically occupies a second position near glutamate-270. Consequently, the coordination number of zinc may vary from five to six in carboxypeptidase A-substrate complexes. Implications of these results for the catalytic' mechanism of carboxypeptidase A are discussed. In addition, three cis peptide bonds, none of which involves proline as the amino nitrogen donor, have been located fairly near the active site. (5), and with the 39-amino acid inhibitor of CPase A from the potato (6).
Proposed mechanisms (1) for the hydrolysis ofpeptide and ester substrates by carboxypeptidase A (CPase A; peptidyl-L-aminoacid hydrolase, EC 3.4.17.1) have relied heavily on the crystal structure of this enzyme for detailed molecular interpretations. CPase Aa is a zinc-containing metalloenzyme which has 307 amino, acid residues. During the first stages of substrate hydrolysis, the zinc presumably polarizes the carbonyl group at the scissile bond; glutamate-270 acts as either a nucleophile or a general base catalyst. ( In order to evaluate alternative mechanisms, precise characterization of.the active site of CPase A is essential. Consequently, we have undertaken refinement of the CPase A structure in the native state and in complexes with dipeptides (2-4), with substrate analogues (5) , and with the 39-amino acid inhibitor of CPase A from the potato (6) .
In this paper, .we describe several ofthe most striking results from the refinement of the native CPase A structure at 1.75-A resolution. [The solution of the native CPase A structure to 2.0-A resolution has been documented (2) (3) (4) .] Ofparticular relevance to the catalytic-mechanism is the change in zinc coordination number from five in the native state to five or six in the complex with glycyl-L-tyrosine'(Gly-Tyr). In addition, three cis peptide bonds, none. ofwhich involves proline as. the amino nitrogen donor, have been located near the active site. We comment on the relationships ofthese results to catalysis ofsubstrate hydrolysis and metal ion exchange.
MATERIALS AND METHODS Bovine CPase A (Cox) was purchased from Sigma and used without further purification. Crystals for the collection of x-ray diffraction data in the range 2.0-1.75 A were prepared by dialysis of CPase A against 0.2 M LiCV20 mM Tris-HCl, pH 7.5.
The unit cell dimensions of these crystals (a = 51.60 A; b = 60.27 A; c = 47.25 A; (3 = 97.27°; space group P21) agree to within 0.5% with the lattice constants ofthe crystals used in the earlier work. This crystal form is distinct from a second crystal form which is characteristic of CPase A (Anson) (7) . Although some difficulties in obtaining the "x-ray crystals" from commercial CPase A have been reported (8) , we readily obtained excellent single crystals.
The 2.0-to 1.75-A data set was collected from a single crystal on a Syntex P21 diffractometer at 40C. Decay in intensities of four check reflections was less than 20% at the end of data collection. The data were corrected for absorption (9) and Lorentzpolarization effects. Scaling to the original 2.0-A data set was accomplished by collecting the entire hOl zone to 1.75 A. Merging of the two data sets gave an R factor, E (jI1 -I20)/ (11 + I2) in which I, and I2 represent equivalent reflections observed in the two data sets, of0.09. The final data set from 8.0-to 1.75-A resolution consisted of21,530 reflections whose structure factor amplitude exceeded twice the estimated standard deviation.
The coordinates for the CPase A model obtained from the 2.0-A multiple isomorphous replacement map had originally been idealized and refined by using the model building and real space refinement programs ofDiamond (10, 11) . Ofparticular interest to the present work was the earlier description of the zinc coordination as tetrahedral (two N81 nitrogens from histidine-69 and -196, a carboxylate oxygen from glutamate-72, and a water molecule) and the presence of a cis peptide bond between serine-197 and tyrosine-198. These coordinates provided the starting model for refinement in the present work using the Hendrickson-Konnert restrained least-squares algorithm (12, 13) (Fig. 1) . Consequently, the coordination number of the zinc in native CPase A is five. Zinc-ligand bond distances and representative values for zinc-amino acid complexes are given in Table 1 .
On the basis of spectroscopic and magnetic susceptibility studies ofcobalt(II)-substituted CPase A, which is similar to ZnCPase A, Gray and coworkers postulated borderline four to five coordination for the metal center (15, 16 plications for the catalytic mechanism of CPase A. A hydroxide ion occupying a sixth coordination site would be ideally situated to deacylate anhydride intermediates which are also coordinated to the zinc. Makinen et al. (20) have recently obtained electron paramagnetic resonance evidence that such a situation exists in cobalt(II)-CPase A for the ester o-(p-chlorocinnamoyl)-L-8-phenyl lactate. In addition, attempts to detect the presence of anhydride intermediates through isotope exchange reactions may be misleading if the water molecule produced during anhydride formation binds directly to the zinc and is not available to exchange freely with the solvent. This ambiguity was recognized by Breslow and Wernick (21) .
The observed structure ofthe complex, together with general aspects ofthe catalytic mechanism ofCPase A, provide plausible explanations for the observation that Gly-Tyr is a poor substrate. When the amino nitrogen binds to the zinc and displaces the zinc-bound water (the nitrogen is at the site of the bound water in the native enzyme), then the water might be unable to participate in hydrolysis until it displaces the amino nitrogen. Acylated dipeptides, or longer substrates, would not show this anomaly. Conversely, when the amino nitrogen of Gly-Tyr binds to glutamate-270, this residue would be hindered from acting as either a nucleophile or a general base catalyst, thus decreasing the rate of hydrolysis.
Several lines ofevidence independent ofthe crystallographic studies suggest that the amino nitrogen of Gly-Tyr may be coordinated to the zinc. On the basis ofthe pH dependence ofthe inhibition kinetics of CPase A by Gly-Tyr, Yanari and Mitz (22) proposed that the anionic form of Gly-Tyr binds to the enzyme. Electrostatic interactions would favor unprotonated nitrogen binding to the zinc and protonated nitrogen binding to the carboxyl group of glutamate-270. As the pH is increased from the value of 7.5 used in the present crystallographic work, an increasing fraction of the amino nitrogen should be bound to the zinc. In addition, Makinen et al. (20) observed that binding of Gly-Tyr to cobalt(II)-CPase A displaced the metal-bound water in their electron paramagnetic resonance study. Although it is possible that binding of the carbonyl oxygen alone could displace the water, the proposed position of the amino nitrogen corresponds closely to the site of the bound water in the native enzyme (Fig. 3) .
The binding of Gly-Tyr to CPase A is accompanied by displacement of several water molecules, as is clearly indicated in Fig. 3 . This map showing water structure was generated by using difference Fourier coefficients (F01 -IFJI) and calculated phases in which all water molecules were omitted from the structure factor calculation. The conformations of selected active site residues in the native enzyme are also included for reference. An important question is whether the enzyme can make use of these changes of hydration in catalysis. Low and Somero (23) have explained enzyme activation or inhibition by neutral salts by proposing that parts of the protein change their exposure to water during conformational changes in catalysis. Conformational changes during substrate binding, hydrolysis, and product dissociation stages can easily be influenced by changes in solvent exposure ofenzyme and substrate. The enzyme could well select for backbone (deletions, additions) and side chains which would make use of the solvent interactions to facilitate the reaction. These effects may apply particularly to the binding and catalytic groups of the enzyme and substrate and perhaps even to much larger regions of the enzyme. However, specific structural models for these phenomena are not currently available. Studies of hydration in electron density maps at high resolution may contribute to an understanding of these effects.
One interesting aspect of protein structures is the relative absence of cis peptide bonds observed in most highly refined protein structures. The energetic difference between cis and trans peptide bonds not involving proline as the nitrogen donor leads to the expectation that approximately 1% ofthese peptide bonds should be cis (24) . However, the incorporation of most peptide bonds into primary, secondary, and tertiary structure can be expected to give a much smaller fraction of bonds that isomerize to the cis configuration (25) . Although only one cis peptide bond, between serine-197 and tyrosine-198, had been described in the original CPase A model, the presence of two additional cis bonds (between proline-205 and tyrosine-206, and between arginine-272 and aspartate-273) was unexpectedly observed during refinement ofCPase A with the use ofthe Agarwal fast Fourier least-squares algorithm (26) . These two bonds were initially restrained in the trans conformation at the start of our use ofthe Hendrickson-Konnert refinement. Nevertheless, the w angle (twist) of these bonds shifted drastically from 1800 (trans) during the refinement. Consequently, these bonds were restrained to the cis configuration in all subsequent refinements. In Fig. 4 we show the region around each cis peptide bond in a difference map calculated upon omission of these six residues from the structure factor calculation. The cis nature of each bond is clearly indicated. Although only one of the six residues (tyrosine-198) has been implicated in the extended active site region, all of these bonds are located fairly near the active site. Interestingly, they also are located immediately adjacent to the carboxy terminus of (-strands. Moreover, values for the conformational angle q of the first residue are approximately -110°, whereas values for the conformational angle 4 of the second residue are approximately 160°. No functional properties have been associated with these cis bonds. From a NMR investigation ofthe kinetics ofmetal binding to concanavalin A, it was suggested that a cis-trans isomerization accompanies metal binding (27) . Two independent crystallographic analyses ofthe structure ofdemetallized concanavalin A have produced conflicting results concerning the existence ofthe postulated isomerization: in one study at 2.8-A resolution the isomerization was observed (28); these results were questioned in a later study at 3.2-A resolution (29) . Structure refinement at higher resolution should resolve this discrepancy. So far, no correlation of cis-trans peptide bond isomerization with metal binding has been observed with CPase A. However, Zisapel (30) has found a correlation ofkinetics ofnitration ofzincreconstituted apo-carboxypeptidase B with the length of time that the enzyme stayed in the zinc-free state. It has been suggested that a cis-trans peptide bond isomerization may account for these results (1) .
With the exception of the binding of the amino terminus of Gly-Tyr statistically either to the zinc or to the carboxylate group of glutamate-270 in its complex with CPase A, previous conclusions concerning the nature of the catalytic groups and the proposed substrate binding modes have not been altered by the findings in the present study. Demonstration of an additional zinc ligand (aside from those to the enzyme) is consistent with the idea that a water molecule or hydroxyl ion may bind to zinc during a later stage ofcatalysis. The role ofa zinc-bound water or hydroxide ion in deacylation of anhydride intermediates was suggested earlier (31), although only for four-coordinated zinc, and has been demonstrated spectroscopically for . 'Irv Proc. Natl. Acad. Sci. USA 78 (1981) certain ester substrates with which the coordination of zinc increases by one in the reaction (20) .
